In order to optimize the current reduction process of chromite, a good knowledge of reduction mechanism involved is required. The 
Introduction
Chromite is the main material for the production of ferroalloy and stainless steel. Nowadays, in order to gain a higher reduction degree and lower the energy consumption [1] , direct alloying of some elements, such as chromium, is under discussion. However, because of the refractory property of the ores and the very fast steel making, direct alloying can be very difficult to achieve in such a short time. For a better understanding of reduction behavior of chromite, investigations were carried out focusing both on the solid-state reduction and on the smelting reduction.
Chromite ore has a main composition of FeCr 2 O 4 and main gangue of MgO and Al 2 O 3 . As to the solidstate reduction, investigators [2] [3] [4] [5] [6] [7] [8] reported varied factors that affected the reduction behavior, mainly including temperature, properties of chromite and reducing agent etc. Moreover, Perry et al. [9] and Soykan et al. [10] proposed the ion diffusion mechanism for reduction process while Lekatou et al. [11] gave a relatively clear description of the reaction steps. Different kinetics models were also employed to discuss the rate-controlling steps.
It is worth mentioning the interest to the additional fluxes from researchers. Since the main compositions of gangue are MgO and Al 2 O 3 , which combine as spinel and thus are difficult to smelt. So researchers [12] [13] [14] [15] [16] [17] employed SiO 2 to form compound with low melting point, and in this way liquid slag can be formed and thus Cr could be reduced in the slag and reduction process was enhanced. But Lekatou [15] also mentioned that besides its positive effect, too much amount of SiO 2 might hinder the contact of chromite and carbon. Therefore, the account of SiO 2 had a critical value, which was greatly related to the carbon content and the MgO/Al 2 O 3 ratio in the chromite. This finding agreed much with that of Ding [16] . Ding [18] also investigated the effect of lime. At the early stage of reduction, with increasing lime amount, the apparent activation energy presented a decreasing trend, which suggested that CaO could act as a catalytic agent. But the catalytical mechanism was not clear enough. Neuschutz [19] studied complex additives and reported they affected the reactions by facilitating the nucleation to form CaO·MgO·Al 2 O 3 particles or accelerating the diffusion of Cr by forming liquid slag. Katayama et al. [20] found that addition of alkali metal slats such as NaCl leaded to improved reduction rate at moderate [23] implied that the Boudouard reaction was rate-limiting step only at moderate temperature, and at high temperature, alkali metal fluoride would form eutectic mixture and act as a solvent for spinel constituents. In our previous study [24] , the kinetics of solid reduction of FeCr 2 O 4 has been analyzed; the iron metallic process is the nuclear controlling, while the chromium oxide reduction is limited in the solid diffusion step. However, the components of different kinds of chromite ore vary, thus necessitating a proper match for each kind of chromite. Furthermore, after the chromite particle break down and iron and chromium oxides are exposed, effect of gangue component on the reduction of pure FeCr 2 O 4 is seldom reported. Meanwhile, as to the influencing mechanism, there has not been a consistent conclusion. The effect of different addition during each reduction period has not been discussed thoroughly. So it is worthwhile to study the reduction behavior of FeCr 2 O 4 in different additives to provide an optimizing direction for slag composition optimization in smelting practice.
Experiment
Pellets were prepared by compaction of thoroughly mixed powder of analytical pure Fe and Fe 3 O 4 in steel dies under a pressure of 12MPa. And the briquettes were held in an iron crucible and heated at 1373K for about 10 hours to form FeO. Then the compacted pellets of mixed FeO and Cr 2 O 3 were treated under the same condition for 48 hours. X-ray diffraction pattern for the synthetic FeCr 2 O 4 was shown in Fig. 1 , which confirmed the product was pure enough for the conduction of reduction experiments.
Synthetic chromite prepared as above (-200mesh) was mixed with graphite powder (purity98.5 wt%) and the quantity of carbon was equal to the presumed value when the carbon is exactly reacted to form CO as equation (1) .
(1) CaCO 3 powder (Sinopharm Chemical Reagent, AR) was calcined at 1373K for 6 hours to decompose any hydroxide and carbonate to form CaO. For SiO 2 , MgO and Al 2 O 3 (all Sinopharm Chemical Reagent, AR), these oxides were heated at 1273K for 4 hours to remove moisture and stored in a desiccator before use. The mole ratios of additives to FeCr 2 O 4 were 2 and 4 respectively. Appropriate amount of materials were mixed and ground thoroughly in an agate mortar.
Reduction of synthetic chromite was undertaken by isothermal methods at 1673K. Experiment was conducted in a molybdenum-wire furnace. A thermocouple (PtRh30-PrRh6) was used to monitor the experimental temperature. Argon gas with a flow rate of 300mL/min was introduced to the reaction tube in order to guarantee a non-oxidizing atmosphere. Alumina crucibles of a volume of 5 mL were employed to hold the powders and they were hung by molybdenum-wire and alumina tube with an ID of 6mm to a thermobalance with an accuracy of 0.001g, which could record the sample weight during the experiment. The alumina tube was used in the furnace because it was an open system and molybdenum-wire was likely to be oxidized at a pretty low oxygen partial pressure. The molybdenum-wire furnace was heated to the 1673K and precaution was taken to determine the length of the molybdenum-wire to insure that the crucibles were placed right in the even-temperature zone of the furnace, which was about 0.08 meters. After experiment, the sample was taken out of the furnace at once and treated with Argon gas to maintain the reduced state as exactly as possible.
Since reduction experiments were carried out at relatively high temperatures between 1473K-1673K in which carbon monoxide was more stable than carbon dioxide and the argon flow in high purity would take the gas product away continuously, the assumed gas product was CO when calculating the reduction degree. Hence the reduction fraction is given by equation (2).
(2) 
Results and discussion

Effect of CaO
The reduction calculated according to equation (2) as a function of time was plotted in Fig.2 . As can be seen, during the initial period, adding additives slightly hindered the reduction of chromite. However, when the reduction degree reached about 30%, chromite with CaO was reduced more rapidly, and with increased CaO content, the final reduction degree increased from 80% to nearly 90%.
In order to examine the effect of CaO during the reduction process, samples with a CaO molar ratio equal to 2 which were reduced after 2min and 6min were examined by XRD. Fig. 3 gave the XRD patterns.
With the proceeding of experiment, the synthetic chromite decomposed gradually, forming chromium oxide and carbide, which indicated that chromite was reduced by two steps. This proposal was consistent with the previous study [23] .
Although several studies have pointed out that CaO may enter the spinel lattice with the release of FeO component, the reduction degree of the initial stage is not observed improving in the current study compared with none addition case. Fig.3(a) also supports the above findings. Thus, another negative effect of CaO on the reduction is to confine the contact between chromite with reductant, which presents a diluting effect.
When chromite was reduced after 6min, a phase CaCr 2 O 4 formed, and the corresponding reduction degree started to be higher than the blank case. This might indicate that the Cr 3+ diffusion in the solid phase is facilitated by the formation of CaCr 2 O 4 , and also increasing the probability contacting with the carbon. In the view point of thermodynamics, the Standard Gibbs energy change of the CaCr 2 O 4 reduction with carbon at 1673K is -662.1kJ/mol, which is higher than the value of the Cr 2 O 3 reduction -960.3kJ/mol. Equation (3) and (4) present the formula and Standard Gibbs Energy. But the rate determining step of the Cr metallic process has been overcome to some extent, thus the reduction degree can be enhanced compared with none addition case.
Effect of SiO 2
When the chromite was reduced with existence of SiO 2 , the reduction degree as a function of time was plotted as Fig. 4 . As was shown in Fig. 4 chromite with SiO 2 seemed more difficult to reduce. But the same reduction degree with /without SiO 2 addition was achieved after 20min. This trend suggested that the SiO 2 delayed the reduction rate, mainly in the Cr metallic stage. And the increasing amount of SiO 2 can improve the reduction degree further, which is approaching the reduction level without SiO 2 addition.
XRD patterns and SEM pictures of samples after experiment were shown in Fig.5-6 . In the XRD patterns, besides the Fe-Cr alloy and additive SiO 2 , remaining carbon and chromium oxide were also observed. It was sure that the reduction of chromite was not completed. In the XRD results, there was no new product observed. But in the SEM pictures, there appeared small amount of liquid phase formed in the course of reduction degree was higher than 65% It is known that the reduction of Cr 2 O 3 also proceeded as Cr 3+ →Cr 2+ →Cr, similarly as the hematite. When the Cr 2 O 3 reduced to CrO, which meant the reduction degree reached about 50%, SiO 2 would act as a solvent to allow the CrO to dissolve in. The phase diagram of SiO 2 -CrO (Fig.7 ) also supported such deduction because there was a eutectic phase in a certain below 1673K. Therefore when Cr 3+ was reduced to Cr 2+ , CrO and SiO 2 were melted, thus hampered the reduction of Cr 2+ to Cr due to the separation from the reductant.
Effect of MgO
Reduction behavior with existence of MgO was presented in Fig. 8 . And XRD patterns and SEM pictures were shown in Fig. 9-10 . In the initial period, the effect of MgO was slight but when the reduction degree reached about 65%, the a. with CaO which might also be caused by a dilution influence. Nevertheless, when reduction degree exceeded 30%, Al 2 O 3 enhanced the reduction behavior notably. Fig.12 (a) and (b) give the X-ray patterns for reduction proceeding at 2min and 6min respectively. Besides the additive and Fe-Cr, the solid solution of Al 2 O 3 with Cr 2 O 3 appeared. According to Weber [13] , the Al 3+ could diffuse to the inner core and replace the Cr 3+ , so the Cr 3+ could reach the outer zone where it was reduced much easier. So it could be presumed that Al 3+ would exchange Cr 3+ and thus enhance both the reduction degree and reduction rate.
Cr metallic kinetics
In our previous study, it has found that the difficulty in reduction of chromate lies in the chromium metallic process. The reduction degree in the chromium oxide reduction step, when the reduction degree went beyond 25%, was found to obey the Zhuravlev-Lesokhin-Tempel's equation, shown in Equation (6), which suggested the reaction was controlled by the ions diffusion in solid phase. The rate constant was determined as 0.03196 from the linear slope. (6) In the case of various addition presented, the kinetic mechanism was examined again, especially in the chromium metallic process, to figure out the functions of agent in the reduction process. Table 1 gave some kinetic equations used by previous authors that might apply to the reduction of Cr and Table 2 gave the fitting results in present work. Fitting results shown that with CaO and MgO, the Cr metallization was limited by solid diffusion. With Al 2 O 3 present, the limiting-step turned to gas-solid diffusion while with SiO 2 nucleation limited the whole process. Figure 13 shows results of linear fitting for the second stage with various additions.
When chromite was reduced with MgO and CaO, the Cr metallization was still limited by the ions diffusion in solid phase. However, CaO could speed up the reduction while MgO would decrease the in spinel, Cr 3+ cation could diffuse to the periphery area more easily, thus could get contact with the reductive more conveniently. Ding [18] also mentioned that the ZLT equation could describe the latter stage of reduction and CaO could facilitate the solid diffusion process but did not give the mechanism. Meanwhile, when the solid diffusion was strengthened, the gas-solid diffusion mechanism got predominant as well. When the chromite was reduced with MgO, there was a more solid phase MgCr 2 O 4 formed. It was a pretty stable spinel structure which was more difficult to reduce than FeCr 2 O 4 . Therefore, the Cr 3+ could be stabilized, which resulted the reduction inhibited. Van Deventer [22] reported that MgO played an inhibiting role in the decomposition of chromite spinel, which was consistent with the present work.
Al 2 O 3 also could facilitate the Cr metallization but the rate-limiting step turned to gas-solid diffusion. As mentioned above, the Al 3+ could replace the Cr 3+ and form a solid solution with O 2- . Under this condition, the Cr 3+ diffusion could get more easily and the reduction was not limited by it any more. Meanwhile, due to the dilution effect of addition to the chromite, the reducing role of carbon might get weaker. With this indirect reduction happening, the rate-limiting step turned to gas-solid diffusion combined with nucleation. When CO 2 formed, it would contact with solid carbon and form CO again.
Neuschutz [19] reported that complex additions could accelerate the diffusion of Cr by forming liquid slag. In present case of SiO 2 , when the reduction degree reached around 50%, that is to say, the trivalent Cr was reduced to divalent, the liquid phase could form, thus the reductive could be transported more easily, so the reaction rate was not limited in the solid diffusion. As confirmed in many previous studies, Cr 7 C 3 would form as the reduction product of Cr. In this case, nucleation and/or chemical reaction process would become rate-limiting.
Conclusions
The isothermal reductions of FeCr 2 O 4 with each addition CaO, MgO, Al 2 O 3 and SiO 2 were performed at 1673K. Compared with the reduction curve without additions, the reduction rate and the reduction degree were favored with the presence of CaO and Al 2 O 3 due to convince the Cr 3+ diffusion in solid phase. However, the existence of MgO has hampered the reduction since the more stable phase of MgCr 2 O 4 was formed. Special case occurred in the case of SiO 2 , and the reduction degree can still reach the same content as that without addition. However the reduction rate apparently lowered in the Cr metallic process because the liquid phase of CrO-SiO 2 formed, which suggest the smelting reduction happened. The kinetic mechanisms in various cases of additions were also analyzed especially in Cr metallic process. With the presentences of CaO and MgO, the reduction rates in latter stage were still limited in solid diffusion step. However, Al 2 O 3 addition could facilitate the Cr metallization but the rate-limiting step turned to gassolid diffusion. Since a liquid phase of CrO-SiO 2 enhanced the diffusion of chromium ions, the rate determing step came to nucleation and/or chemical reaction process. 
